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[akeaways

A discovery would

elucidate guestions about the neutrino Mass
mechanism & limits to the half-lite are intertwined with

the guestion of the

Q A doped LArTPC could have significantly expanded
the DUNE physics reach and is compatible with other
low energy concepts

This concept introduces many R&D questions, of
which comprise a rich research program for the coming
decade
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Signal is 2 electrons
with energy = Qgp

The 2vB[3 background
IS Irreducible without
precise energy
measurement
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To enable OvBB (neutrino-less double-beta decay) searches in LArTPCs
G Q A LS Reach sensitivities in the normal ordering region of mgg phase space

To enhance the low energy physics reach of LArTPCs

A. Mastbaum, F. Psihas, J. Zzennamo “Xenon-Doped Liquid Argon TPCs
as a Neutrinoless Double Beta Decay Platform” arxiv.2203. 14 /00

\ Dope with 136Xe at 2%, which is
a OvBpB candidate isotope

v

—

Dope with a photosensitive
dopant to improve energy
" resolution
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XENON DOPING

12

What we know:

)
o
|

Xenon doping has been
demonstrated at 2%.

Introducing xenon will modify
the scintillation profile

EeS

Xenon Production, Millions of Liters
[«1]

N

Current production of natural Xe
IS ~60tons per year worldwide.
Reliant on expanding Xe 0
extraction and enrichment

(currently industry-driven).

Some promising avenues outside HEP:
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D. Herman and K| Unfried
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Xenon Acquisition Strategies for High-Power Electric Propulsion NASA Missions”

1975

1980 1985 1990 1995 2000 2005 2010 2015

Year

Metal-organic frameworks have been developed which can
efficiently isolate xenon at room temperature

Radioactive waste sites have been found to release large
amounts of Xe enriched in 136Xe

Both of these are exciting but will require substantial R&D
to move to market
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SACKGROUND SIMULATION

Background categories considered:

. Argon-42

()
P

Backgrounds are simulated
using RAT-PAC i

. Radioactivity from detector

. Rock radioactivity
We assume a monolithic FD
module with nominal materials
(not low radioactivity).

ks’ Environmental neutrons

Cosmogenically-activated radioisotopes
Two-neutrino double beta decay

Solar neutrinos
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SACKGROUND MIMGATION

mgg = 25 meV Incremental Cutflow 1% Eres. at Qpp

Full Detector

Depleted Argon

B “°Ar- %K -42Ca Decays
I Volume Fiducial B Cryostat Radioactivity
Il Rock Radioactivity
External Shielding | ' -
A. Mastbaum, F Psihas, J. Zennamo arXiv:2203. 147@0
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*similar to what could enable dark matter searches +similar for what has been proposed for solar neutrinos
E. Church et. al., JINST 15 (2020) 09, P09026 Capozzi, et. al., Phys.Rev.Lett. 123 (2019)

2% Fermilab Fernanda Psihas



https://arxiv.org/abs/2203.14700
https://arxiv.org/abs/2203.14700
https://arxiv.org/abs/2203.14700
https://arxiv.org/abs/2203.14700

SACKG

ROUND MITIGATION

Background Activity Events in ROI Mitigation strategy
Isotope Intrinsic

136Xe, 20813 2%, T} /o = 2.165 x 10*" years [61] 130.28 None

Environmental Radiological Backgrounds

232Th, Rock 3.34 ppm [8, 52] 46.71 Passive Shielding

2381, Rock 7.11 ppm [8, 52] } ' Passive Shielding

232, Steel 0.1 ppb [50] 117.80 Fiducialization

2381J, Steel 1 ppb [50] 2.24 Fiducialization

%0Co, Steel 0.013 mBq/g [50] 10.09 Fiducialization

39Ar, LAr 1 Bq/kg [62] Negligible Energy threshold

*2Rn, LAr 10 mBq/m® [8] Negligible Coincident *'*Po Tag
“2Ar, LAr Negligible [63] Negligible Use of **Ar depleted LAr
Solar Neutrinos

®B v Elastic Scatters Standard Solar Model Flux [64]  662.04

®B ve Charged Current Standard Solar Model Flux [64]  196.00 Photon Coincidence Tag
Spallation Products

2p 34 day'(10 kton) ' [59] Negligible Photon Coincidence Tag
Q1 150 day ' (10 kton) ™' [59] 14.59 Coincident Muon Timing
HAr 1600 day ' (10 kton) ™" [59] 6.54 Photon Coincidence Tag
137Xe 3.8 day~'(10 kton) " [65] 449.43 Photon Coincidence Tag
1N 0.033 day ' (10 kton)~* [59] Negligible Coincident Muon Timing
30A1 1.4 day~'(10 kton) ™" [59] Negligible Coincident Muon Timing
10¢1 27 day ' (10 kton) ' [59] Negligible Coincident Muon Timing
20F 2 day ' (10 kton) ' [59] Negligible Coincident Muon Timing
p 12 day ' (10 kton) ™! [59] Negligible Coincident Muon Timing
(1 110 day ' (10 kton) ™! [59] Negligible None

361 110 day—* (10 kton) ™! [59] Negligible None

STAr 110 day ' (10 kton) ™! [59] Negligible Photon Coincidence Tag
3Bp 34 day ' (10 kton) ' [59] Negligible Photon Coincidence Tag
1Be 0.34 day ' (10 kton) " [59] Negligible Coincident Muon Timing

arxiv 2203.10147

Demonstrated the feasibility
of reconstructing the MeV-
scale signal 214Bi-214Po
topology in a large-scale
wire-readout LArTPC

Veto photon coincidence
within 32 cm of signal
candidates

Veto window within
2m and 60sec of all
muon tracks.
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SACKG

ROUND MITIGATION

Background Activity Events in ROI Mitigation strategy
Isotope Intrinsic

136Xe, 20813 2%, T} /o = 2.165 x 10*" years [61] 130.28 None

Environmental Radiological Backgrounds

232Th, Rock 3.34 ppm [8, 52] 46.71 Passive Shielding

387, Rock 7.11 ppm [8, 52] } ' Passive Shielding

2327, Steel 0.1 ppb [50] 117.80 Fiducialization

23817, Steel 1 ppb [50] 2.24 Fiducialization

%0Co, Steel 0.013 mBq/g [50] 10.09 Fiducialization

39Ar, LAr 1 Bq/kg [62] Negligible Energy threshold

*22Rn, LAr 10 mBq/m? [8] Negligible Coincident ***Po Tag
“2Ar, LAr Negligible [63] Negligible Use of **Ar depleted LAr
Solar Neutrinos

®B v Elastic Scatters Standard Solar Model Flux [64]  662.04

®B ve Charged Current Standard Solar Model Flux [64]  196.00 Photon Coincidence Tag
Spallation Products

32p 34 day'(10 kton) ' [59] Negligible Photon Coincidence Tag
QI 150 day ' (10 kton) ™' [59] 14.59 Coincident Muon Timing
“Ar 1600 day ' (10 kton) ' [59] 6.54 Photon Coincidence Tag
137Xe 3.8 day~'(10 kton) " [65] 449.43 Photon Coincidence Tag
1N 0.033 day ' (10 kton)~* [59] Negligible Coincident Muon Timing
30A] 1.4 day~*(10 kton) ™! [59] Negligible Coincident Muon Timing
10¢1 27 day ' (10 kton) ' [59] Negligible Coincident Muon Timing
20F 2 day ' (10 kton) ' [59] Negligible Coincident Muon Timing
p 12 day ' (10 kton) ™! [59] Negligible Coincident Muon Timing
3BCl 110 day ' (10 kton) ! [59] Negligible None

361 110 day (10 kton) ! [59] Negligible None

STAr 110 day (10 kton) ! [59] Negligible Photon Coincidence Tag
3p 34 day ' (10 kton) ' [59] Negligible Photon Coincidence Tag
Be 0.34 day~'(10 kton) ' [59] Negligible Coincident Muon Timing
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SAG KG QQ U N DS HONORABLE MENTIONS
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mpBp = 25 meV 2.5 m Fiducial Vol. 1.0 % Eges at Qpp
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i i A. Mastbaum,F. Psihas, J. Zennamo 137xe
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Energy Res [%] ;’ 1 320 (Cryo)
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Energy resolution is a crucial o o
component of this concept. " — muce
§ 102

Fres < 3% IS essential to reduce the
2VB3 background.
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G HAR G E + L’ G HT KUBOTA, HISHIDA, SUZUKI, AND RUAN(GEN)

Phys. Rev. B 20, 3486 (1979)

150F

Charge + Light = Constant S0 e
g A
% L DX Scintillation Light
, PSS )
On DUNE, we'll expect ~50/50 > |l =
charge to light breakdown. : T S S TR

Field Strength ( kV/cm)

4
“...... Typical LAFTPC Field Strength
DUNE:ProtoDUNE-SP Run 5779 Event 12360 . o — _ 2.5 MeV Electrons Preliminary
V9 g - gﬁintillation :Eolnization Summed Quanta
- 2 = <. [ Photons ectrons
5000 GeV Event MeV Eyent.m 75 3 2 I
Pt ' = N [ |
A B F —
= = o= >0 5 E T
F 4500 “,\ - : 25 2 O
s s [
[} -
0.0 < [
4000 55 P 5 ~very little
100 200 300 400 —400 — spread —»
Wire Number B
- I . ol b b I e Ix108
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Based on M. Szydagis, et al., Instruments 5, 13 (2021)

I - 1 02 -

— N [ \/ - N Light Collection Efficiency
- _% i_ l — 0.001 %, 0.3y /MeV
— 0.01%, 3y /MeV

.. i i i 0.05%, 157y /MeV
Combining charge and light signals is ) 0.1 %, 307y /MeV

necessary for precise energy resolution. 1%, 300y /MeV

5 %, 1500 y /MeV
20 %, 6000 y /MeV
50 %, 15000 y /MeV

We need > 20% light collection efficiency, which
IS beyond the current capabilities FD1 and FD2

We propose using photosensitive dopants to
utilize the high charge collection efficiency of
LArTPCs

Energy Resolution at 1 MeV [%)]

é 1805 SBND A Total Light Collected 1=
= = A Direct Light ' -
D 160/ A Reflected Light -
-lg L T T _IIII|IIII|IIII|IIII|III||IIII|IIII|IIII|IIII|IIII
2 1o T}T}T *% 10 20 30 40 50 60 70 80 90 100
2 Lol T [ ] \ % % : : .
5 120F ' T : 4 44 % } 0 : % Charge Readout Signal-to-Noise Ratio
E 100~ 1 4 } % % 4
E I T .
3w Y (! 1 R&D Requirements
60— . ?
. [ ¢ A
i e i i oot -
0 e ! b i, ; Finding optimal doping strategy
20— A . . . . . .
T T PR TP T i Understanding timing and triggering in a
0 20 40 60 80 100 120 140 160 180 200 220 .
distance to photocathode plane [cm] |Ight-|988 LAr module

D. Garcia-Gamez
Journal of Physics: Conf. Series 888 (2017) 012094
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PHOTOSENSITIVE DO

The most commonly used have
lonization energies of 7-9 eV:
Tetramethylgermane (TMG), (CH3)4Ge,
Trimethylamine (TMA), N(CH3)s,
Triethylamine (TEA), N(CH2CHa)s

Small test stands in the 80s explored
a variety of chemicals and found an
Increase in charge for highly
scintillating particles

Using 5.5 MeV a-source found that
TMG increase

Implies 10,000 photons/MeV for
MeV-scale electron signals

2% Fermilab

SANTS

Pure LAr @ 276 V/cm
Simulation 7.7 Mev

a ~10,000 e

~150,000 y

lonization Energies
TMG 9.2 eV

TMA 7.8 eV

TEA 7.5eV

(In LAr these drop by ~0.7 eV)

3.3 MeV.

3 ~100,000 e
~30,000 y

Courtesy of Ivan Lepetic

T—l] I L} L) 11111‘[ ‘IUTT]

L} N L) 1
8 [ Response to 5.5 MeV Alpha-Particles Prenminary
500 y/cm

Pure Liquid Argon

CHARGE (e—)

" 110 ppm

' DUNE
' Electric Field

1 1 —— 2 1 lllllll 1 1 1lllel e
81072 2 4 6 g10™! 2 4 6 B 1 2

E(kV/mm)
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—FFECTS OF PHOTOSENSITV

DOPAN TS

Nucl. Instrum. Methods.

Phys. Res. B 355, 660 (1995).
ICARUS Collaboration

Through gomg muons

Studies with alpha particles show that we can

expect up to 60% light collection equivalent ::’ T .’T'{vic}’bli.é.}ig'i
c%; 11000 _ ............... : ................................ 30% e S _

Q10000 [ S— S S

Effects on the existing low-E physics program § oo E“f\*&? ............... _

T g Fi EP™ 3ppm Ssppm) SSpem ]

» More linear detector response " Elapsed time (days)

» Lower thresholds R Stoppmg muons and protons

» Better resolution for highly scintillating 12105200 Viem| - T
DarTI C| oS ||l’<e a||Oh as an d aly Cl ear I”GCOI| S E HOS__b ............. ' ;isppm'}?;{c; "_:
» Better resolution of low energy hadronic 5 60 ‘

o ¥ : ;
energy components B T N L e

2 10%F . .
) SN T P P T NN PO
0 5 10 15 20 25 30 35

More charge is dE/dx (MeV/cm) More light is

produced produced

(Energy Deposited)
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SEQUIREMENTS

Energy resolution is a crucial component of this 106-§ — OvBp /
concept. Eres < 3% is essential to reduce the | — 2vBB -
2vBR background. > = Solary —
O 10° Spallation P
-4 | —— Radioactives i
£ //
Radioactivity assumed for a monolithic detector 42 104-5 //
with nominal materials (not low radioactivity) 3 : —4
¥ ! ///’
Low-radioactivity argon* 10°: 7

*similar to what could enable dark matter searches /// A. Mastbaum,F. Psihas, %2%%"?5%8
E. Church et. al., JINST 15 (2020) 09, P09026 ] arAiv: -

0 2 4 6 8 10
Energy Res [%]

+similar for what has been proposed for solar neutrinos
Capozzi, et. al., Phys.Rev.Lett. 123 (2019)

mgg = 25 meV Incremental Cutflow 1% Eres. at Qgp

Full Detector

Depleted Argon

42Ar - 42K —»%2Ca Decays

[
Volume Fiducial B Cryostat Radioactivity
B Rock Radioactivity
External Shielding B OvpBpB Signal

. A. Mastbaum,F. Psihas, J. Zennamo arXiv:2203.14700
I

10° 102 10% 10° 108 1010 102 104
Counts per 10 yr Exposure in R.O.l.
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”?EQU‘%:M ENTS” L Xenon doping at 2%

. Monolithic LAr TPC

L There is room for adjustment ! Depleted argon

UL External shielding

UL <3% energy resolution
. Photosensitive dopants

Q\/B B S EN S ‘T‘V‘T\/ 100 g A. Mastbaum, F. Psihas, J. Zennamo arXiv:2203.1470

! Hard requirement

OvBpB

Rejection

We perform a counting analysis
with 2% 136Xe, 10 year
exposure, and 1% energy
resolution, DUNE-[3.

'''''''''''''''''''''''''''''''''''''''' 10yr Exp. 1% Enres |

There is room for modifying this

: . L -3 _
base-concept while still attaining 10 : 35
sensitivities in the 2-4 meV range. ! ‘e, N 24
| PMNS 10,30 gg
10_4 L L L L ' rrTTT
107> 1074 103 102 1071 10°

Myightest [eV]
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0
10 ] A. Mastbaum, F. Psihas, J. Zennamo arXiv:2203.14700

This doping concept could extend DUNE’s
physics program with sensitivities to Ov[3[3
decay as low as mB[ ~ 2meV.

This concept employs Xe-doping, photo- — — — — — — __ gy
sensitive dopants, depleted argon, and an | — R e
external shielding compatible with other low
energy physics concepts for DUNE phase-Il.

The required modifications open a rich R&D BMNS 1o 30
program in which will enhance our low S———
energy capabilities in LAFTPCs 107 107

T T T T T T T T

T TTTI T TTTI
103 102
Myightest [€V]

136xXe Concentration [p.p.m.]
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o
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O \
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\ ——= 5% Ees

1% Eres
Y * Natural Xe

o

o

A. Mastbaum,F. Psihas, J. Zennamo
10 yrs 2% 136Xe arxiv:2903.14700
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DHQTQS ENS‘ ‘ W: DQDANTS Simulated Event in Pure LAr

7.7 MeV
a ~10,000 e
~150,000 y

The most commonly used have ionization energies of 7-9 eV.
Tetramethylgermane (TMG), (CH3)4sGe, Trimethylamine (TMA), N(CHa)s,
Triethylamine (TEA), N(CH2CHa)s

Small test stands explored a variety of chemicals and found an increase 3.3 MeV
in charge for highly scintillating particles ~100,000 e

~30,000 y

Courtesy of lvan Lepetic

Implies 10,000 photons/MeV for MeV-scale electron signals

Nucl Instr and Meth A242 (1986) 256 10 Nucl. Instrum. Meth. Phys. Res. A279 (1989) 560 566
— . . T T l
[ 5.5 MeV a- partlcle D.F Anderson 5 K. MaSLA/o’a etal.,
[ 4 _ 1 Lig.Ar
. = 5 5.305MeV alpha ]
E 1
> :
'I_\ 2 I 20 "': —
o | = - s |
ol : 515 | A il
% 18 // . 8 1 ‘//'
0l - 'a © ! . e(
< sl ' . ' 19x improvement! o 4
T L DME ] E 10 — 1 " —
O 4 k- 1 - : Q
TEA ' ™G 15 ppm & '
- p 150-B 16 ppm L :
2 - e g * L. :
i . mo ' o -8 82 I
. L P poe ol ene
J :DUNEJ E-field . 0 : | ] | | ;
ST 2z 4 e80T 2 4 & 81 > 0 2 4 5 8 10 12
E (kV/mm) DUNE E-field  fiectric field E (kV/cm)

2% Fermilab Fernanda Psihas



pr— L% pr—

XTERNAL - AL FDUCIAL
OHELDNG == VOLUME

mpBp = 25 meV 1.0 % Eges at Qpp
10° Signal
2vBB
Solar v
105 Spallation
- External
O_ External
[« 04 (no shielding)
c 10y ———————
" — \
c
o 10°:
O
2 N
10 e
1.0 1.5 2.0 2.5 3.0 3.5

Fiducial Distance to Wall [m]
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] F. Psihas, et.al.
] **Paper in preparation

. ’§ 10_1_5 (E‘F
S —~ ]
— 10-2 10 itivit
| ~ 10 nexo 10yr sensitivity
w
) are .
Q

1073+
1 | N
1 PMNS 10, 30
10_4 5 T T TTTTTTI 4 T T TTTTTTI 3 T T TTTTTTI 2 T T TTTTTTI 1 T T T T T T1TT1T 0
10~ 10~ 10~ 10~ 10~ 10
Original Plot: J. Detwiler, Neutrino2020 Myightest [€V]
g \ﬁd: \ 34‘\921 - «,.\"-0::‘,\"(' ' EDF NME
S 10° | ° "y
o | X - ) .
?ED_ o0 \ -7 O
£ Ak AN A\
~ 10 2 ‘\("Len ?aﬂda ‘ %00 ° . :
wn — _ - _ - i ‘k_le“ ) - ) o.\»\\ T gt
§. — 0 < A0 - LT 5“‘ g Y
— 3 - - - -
° L wer - o
=
9 -3 - leﬂ
g) 10 — ROP\-\\ A Y\Q‘ 2Tt
o — Gt s a0 Y-
f: - ve P - N
o ® "® OP
> e\ ' :
= 4 P‘mo‘. O
g 10 E eeNo” W €
8 — o) 175 = B W\GD‘ j D\)‘{E'V’
I ’ )
! Meo(T, o0
10 . — e/t];' 0.\0
| | | | | i | ! | — |
10° 10* 10°

sensitive exposure [mol yr]
IS0

2= Fermilab Fernanda Psihas




